Abstract Morocco is one of the most important regions of the world in terms of Quercus suber L. number and variation. This species is in decline due to several factors, which can lead to permanent loss of this resource. It would be essential to evaluate the genetic diversity in order to conserve maximum genetic variability of this species. The genetic diversity and differentiation of 16 sites from five regions representing the entire range of Moroccan Cork Oak were assessed. Twenty-three ISSR primers used generated 985 polymorphic fragments with an average of 42.8 bands per primer and showed 100% of polymorphism. The 173 individuals revealed a moderate level of genetic diversity at species level (I = 0.27, He = 0.161). The AMOVA showed that the highest level of diversity occurred within populations (64%), this was also confirmed by the coefficient of differentiation (Gst = 0.47). The estimated gene flow (Nm = 0.56) and the Mantel test revealed a significant correlation between geographic and genetic diversity (r = 0.266; p = 0.001). This genetic structure was further shown by the topology of the UPGMA, sPCA and STRUCTURE analysis. In addition, a core collection of 34 genotypes was established representing the essential diversity detected. This research advocates populations and individuals to preserve in order to improve and conserve this resource in the future.
Introduction
The cork oak (Quercus suber L.) is a native species in Mediterranean forests with economic and social importance. It only grows on siliceous soils, avoids the limestone substrates and usually grows in hot regions of the humid, sub-humid zones and in semi-arid areas, with an average minimum annual rainfall of 450 mm and[ 4-5°C average temperature for the coldest month (Lumaret et al. 2005) . In Morocco, cork oak has discontinuous distribution to exclusively northwest of the country and occupy 350.000 hectares (ha) (Hammoudi 2002 ). This ecosystem is weakening due to the biotic and abiotic attacks resulting in a gradual decrease in tree vigor and vulnerability of natural regeneration (Coelho et al. 2006) . The cork-oak woodlands are considered as a reservoir of biodiversity and home to a variety of threatened and endangered species (Peinado 1987) . They represent a valuable genetic resource that has to be preserved mainly through restoration and rehabilitation programs. Infact, good management of this species necessitates adequate genetic identification. Therefore, a description of the genetic structure of populations of this species provides a robust framework to evaluate the relationship among and within these populations and to define the priority populations for conservation.
Many authors have showed that Q. suber L. is highly polymorphous species using different markers (ElenaRossello and Cabrera 1996; Cottrell et al. 2003; Belahbib et al. 2004; Alfonso-Corrado et al. 2005; Lumaret et al. 2005; Coelho et al. 2006; Löpez-Aljorna et al. 2007; Gandour et al. 2007; Simeone et al. 2009 ) and have suggested that multi-factorial mutations and hybridization played a determinant role in the phylogenetic development of this species (Natividade 1950) .
To date in Morocco, information on levels of genetic diversity within and among populations of Q. suber L. remains low for every breeding programs. The study of genetic variability has been previously assessed in all distribution areas of Moroccan Q. suber L. using dendrometric traits and showed high levels of variability, depending on the geographical distribution (Laakili et al. 2016) . Phenotypic characters are unable to provide a stable structure to implement adequate conservation strategy because of the influence of environmental factors. The use of molecular markers would give more information content that is not prone to variation due to environmental effects.
In the present study, ISSR markers (Inter-Simple Sequences Repeats) have been chosen to study genetic diversity of Moroccan Cork oak because they are ubiquitous, simple, affordable and polymorphic. These molecular markers have been used to assess genetic diversity and differentiation among cork oak populations of the Mediterranean Basin (Rubio de Casas et al. 2007; Löpez-Aljorna et al. 2007) . They have proved to be a reliable molecular tool for the study of hybrid complexes and of inter-populations relationships of several forest trees (Labra et al. 2006; Ansari et al. 2012; Patel et al. 2016; Pakhrou et al. 2017) .
This study aims to assess the genetic diversity and genetic structuration within and among the Moroccan regions of Q. suber L. using ISSR markers and to construct a core collection in order to develop the genetic component for their conservation. In addition, genetic relationship and differentiation of Q. suber L. between Northern, Central and Atlantic regions in the country will be discussed.
Materials and methods

Plant materials
The present study incorporates pure populations as diverse as possible from the entire range of Moroccan natural cork oak forests. One hundred seventy-three tree were sampled from 5 biogeographic different regions in Morocco (Central Plateau, East Mamora, West Mamora, Oriental Middle Atlas and North) (16 selected sites) (Fig. 1, Table 1 ).
In this study, the cork oak sites were selected following the register of a Moroccan-German Cooperation (GTZ 1997) made in 1997. Other forested areas which are not mentioned in this register were also selected (ex: Jbal Karn). Three hierarchical levels were considered; region, sites and individual for the choice of collected material. Mature leaves were collected between 2010 and 2011 and stored at -80°C. The samples were freeze-dried and ground by CryoMill or directly ground in liquid nitrogen.
DNA extraction
The total genomic DNA was extracted from frozen leaves as described by slightly modified method of Doyle and Doyle (1990) . Modifications added to the protocol were basically the amount of leaf material used and the grinding technique applied. Therefore, fresh leaves were lyophilized and ground for 3-5 min using an electric grinder. 20 mg of ground material was used for DNA extraction. Purified DNA was then suspended in TE buffer. DNA concentration and quality were determined by spectrophotometry (ND-2000, NanoDrop, USA) and evaluated by electrophoresis on 1% agarose gel. The DNA concentrations were adjusted to 50 ng/ll for all samples and then stored at -20°C for subsequent use.
ISSR-PCR
Twenty-three ISSR primers were selected out of 50 primers previously tested (Table 2) , these primers showed consistent good amplification. Based on the protocol given by Zietkiewicz et al. (1994) , the effects on the amplification of different concentrations, Mg 2? , dNTPs, DNA templates, primers and annealing temperature were tested and the final conditions of amplification were fixed. ISSR amplifications were performed in a total volume of 25 lL containing 2 ll total genomic DNA, 1 9 PCR buffer, 2.5 mM MgCl 2 , 0.2 mM dNTPs, 0.2 lM primer and 1U Taq DNA polymerase (Promega, Madison WI, USA). PCR reaction was carried out in a TECHNE, TC-512 thermal cycler following the program: initial denaturation for 7 min at 94°C, followed by 45 cycles of 45 s at 94°C, 45 s at 45°C and 2 min at 72°C and 7 min final extension at 72°C. Amplified products were separated by standard horizontal electrophoresis in 2.8% agarose gels in 1X Tris-acetate EDTA buffer (TAE) for 2 h 30 min at 120 V. The agarose gel was then stained with ethidium bromide (BET) and visualized under ultraviolet light (UV) (Fig. 2) .
Data analysis
For each ISSR reaction, only the clear and visible fragments were scored as present (1) and a binary matrix was generated (0-1 matrix). To analyze the performance of the ISSR markers, three parameters were measured for each primer: Polymorphic Information Content (PIC): PICi = 2 Physiol Mol Biol Plants (Roldán-Ruiz et al. 2000) , where PICi is the polymorphic information content of marker i, fi is the frequency of the marker bands present and 1 -fi is the frequency of marker bands absent. Marker index (MI): MI = PIC 9 EMR where EMR is defined as the product of the fraction of polymorphic loci (b) and the number of polymorphic loci (n) (EMR = b 9 n) (Powell et al. 1996) . Resolving power (Rp): Rp = RIb, where Ib (band informativeness) takes the values of: 1 -[2x|0.5 -p|] and p is the proportion of the genotypes containing the band (Prevost and Wilkinson 1999) . The generated data were analyzed using GenAlEx (v 6.5) program Smouse 2006, 2012) to estimate the genetic diversity. Different parameters were assessed including: observed number of alleles (Na), effective number of alleles (Ne), Shannon's information index (I), Nei's (1973) gene diversity index (He) and percentage of polymorphic loci (%P). The coefficient of genetic differentiation (Gst) (Nei 1973) was estimated Using POPGENE software v1.32 (Yeh et al. 1999) . Gene flow (Nm) was computed by the formula: Nm = (1 -Gst)/2Gst (McDermott and McDonald 1993) . The program GenAlEx (v 6.5) was used to describe genetic variation among regions, within and among the populations based on the analysis of molecular variance (AMOVA) (Excoffier et al. 1992; Peakall and Smouse 2006) .
In addition to obtaining a clear representative distribution of five Moroccan Q. suber L. regions, biodiversity software DIVA GIS (Hijmans et al. 2001 ) was also used in order to map the diversity indexes, allelic richness, locally common alleles, frequent alleles and private alleles. The relationship between geographic distance and genetic (Yeh et al. 1999) . Second, to visualize the global genetic structure of Q. suber L. using spatial components analysis (sPCA) with biodiversity software DIVA GIS (Hijmans et al. 2001 ). This method allows illustrating the results of the genetic variability and the spatial structure of the samples. Finally, to evaluate the population structure and to estimate possible genetic exchange between Moroccan populations of Q. suber L., the Bayesian model was performed using STRUCTURE software v2.1 (Pritchard et al. 2000) . This analysis completes the result obtained with UPGMA and sPCA analysis. Bayesian analyses will identify genetically homogenous groups and the number of differentiated clusters without prior group designation. This analysis was run for genetic clusters range from K = 1-15 with 20 independent simulations for each K, used a burn-in and MCMC (Markov Chain Monte Carlo) length of 10,000 based the work of Evanno et al. (2005) and a run length of 30,000. We determined the optimal value of K using Structure Harvester (Earl and vonHoldt 2011) based on the second order likelihood (DK) following the procedure described by Evanno et al. (2005) .
Construction of genetic core collection
Genetic core collection was constructed allowing having a limited number of individuals and obtained a wide allelic diversity. Therefore, this method will allow the selection of finite individuals' number with the highest diversity. To reach this objective, the parameters of genetic diversity of core collection were calculated. Thereafter, these parameters will be subsequently compared with the results of the initial collection. An approach of a heuristic algorithm implemented in the Power Core 1.0 software was used (Kim et al. 2007 ).
Results
Markers informativeness and performance
In the present study, twenty-three primers were chosen to amplify a total of 173 individuals from 16 populations of Q. suber L. and produced a total of 985 polymorphic loci with a polymorphism of a 100% (Table 2 ). In addition, the band size ranged from 120 to 1830 bp. Fragments of the same molecular weight were considered identical locus (Huang and Sun 2000) . The primer FL11 produced the lowest number of bands whereas the primer FL2 presented the highest number (51) with an average of 42.83 fragments per primer. Polymorphic index content (PIC) values ranged from 0.21 (F3) to 0.34 (CH121) with an average of 0.28 (Table 2 ) and where all CH-primers specific to cork oak are above average. We also noticed that the highest number of polymorphic bands were associated with lowest values of polymorphic index content (PIC). Progressively the MI (marker index) and Rp (resolution power) parameters were also calculated in order to evaluate the efficiency and the usefulness of each ISSR markers primer ( Table 2 ). The highest MI was observed for CH125 (15.79) and lowest for F3 (9.38) with an average of 12.1. Likewise, the highest Rp value calculated was observed for CH125 (23.95) and the lowest for F3 (12.61) with an average of 16.95 per ISSR primer (Table 2) . 
Genetic diversity
Concerning the diversity parameters, the observed number of alleles (Na) per population ranged from 0.396 to 1.801 while the effective number of alleles (Ne) varied from 1.105 to 1.264 for the 985 loci detected. According to Hardy-Weinberg equilibrium assumption, Shannon's information index (I) ranged from 0.084 to 0.313 with an average of 0.168, Nei's genetic diversity index (He) (1973) varied from 0.058 to 0.186 with an average of 0.109 and percentage of polymorphic bands (%P) ranged from 13.71 to 90.05% with an average of 36.99% (Table 3) . At the regions level, the percentage of polymorphic bands ranged from 28.73% (MAO IV2) to 92.59% (MA II).
Genetic differentiation and relationships
The analysis of molecular variance (AMOVA) showed a high proportion of genetic variation within populations (64%) and significant inter-population (25%) and inter-region (11%) differentiation in this species (p \ 0.001) ( Table 4 ). The proportion of genetic variation contributed by the differences among populations (Gst) is 0.47. Also, the level of gene flow (Nm) was estimated to be 0.56. The Mantel test revealed that there was moderate significant correlation between geographic and genetic distance (r = 0.266, p = 0.001 Permutation: 999).
To map the allelic richness, locally common alleles, frequent and private alleles, the software DIVA GIS was used. The Allelic richness ranged from 243 in MAO IV2 to 471 in MAII. Also, the number of frequent alleles ranged from 243 to 422 in MAO IV2 and MAII respectively. Locally, common alleles ranged from 9 in MAO IV2 to 55 in Mamora region (Fig. 3) .
Based on Nei's unbiased genetic distance, the pool of ISSR data was used to construct a UPGMA dendrogram (Fig. 4) to estimate the genetic relationships among the five Cork oak regions. All 16 populations were separated into two geographic groups. The two regions of Mamora (MAI, MAII) and populations of Central Plateau formed Group I. Group II consisted of the populations from North region (NO) and Oriental Middle Atlas.
The report of Nei's genetic distances between pairs of regions and geographic distance was calculated and ranged from 0.013 (MAI and MAII) to 0.115 (PC III2 and MAO IV2). The geographic distance values ranged from 0.299 to 2.291 (Table 5 ). This again confirms the correlation between geographic and genetic distances previously estimated by Mantel test.
The projection of special analysis of principal components (sPCA) on map regions was performed to provide spatial representation of the relative genetic distances among sampled trees (Fig. 5) and to determine the consistency of differentiation defined by the cluster analysis. We observed that the individuals of PC III2 and MA were separated from those of NO and MAO IV2.
The genetic structure obtained was further justified by the Bayesian analyses. In the ISSR admixture analysis using STRUCTURE (Fig. 6) , the highest likelihood was K = 2. The second order statistics (DK) determined the analysis. The structure analysis assigned genotypes into respective groups on the basis of their allele frequencies.
Construction of genetic core collection
Based on the heuristic algorithm in Power Core software, we obtained a core collection with 34 genotypes from different regions (20% of the total collection) representing the genetic diversity existing with 99.80% of total generated alleles and an allelic richness varied from 157 to 266 (Table 6 ). The effective number of alleles, Shannon's index, Nei's (1973) gene diversity calculated for the core collection (Ne = 1.236, I = 0.244 and He = 0.153) were close to those values for the overall genotypes (Ne = 1.237, I = 0.269 and He = 0.161). In Morocco, focused on mixed areas of Quercus, the Oak has been studied using RFLP and SSR markers in order to quantify the level of cpDNA variation within Q. Suber L. and the level of introgression of this species with Q. Ilex (Belahbib et al. 2001 (Belahbib et al. , 2004 . The sampling concerned all the distribution area of the national Cork oak in Morocco. The number of samples differs from one population to another, taking into account the density of each stand. In fact, several genetic diversity studies on forest species used molecular markers on unbalanced sampling without influencing the genetic results (Fofana et al. 2009 ). Our latest study, using dendrometric characters (Laakili et al. 2016 ) was based on a large sample that allowed us to assess a morphological genetic structure of Moroccan cork oak forests. The evaluation of phenotypic diversity of Moroccan cork oak populations demonstrated a large diversity. Cork diversity has been justified by the observed differences between individuals of cork oak trees from different provenances. Several allometric relationships were highlighted between traits, but most of the variability of dendrometric characteristics variation of trees is due to changes in environmental conditions. Furthermore, research using molecular markers seems to be necessary to confirm the phenotypic variability that is independent of environmental factors. Therefore, our choice focused on ISSR markers because they are reproducible, present the entire genome variation and they are capable of detecting high level of genetic diversity.
Many studies based on ISSR analyses have shown that endemic and endangered species tend to hold low genetic diversity level (Xiao et al. 2004; Li and Xia 2005; Xu-Mei et al. 2012 ) and others showed opposite results (Ge et al. 2003; Li and Jin 2007) . In fact, research work of Hamrick and Godt (1989) demonstrated that species with long life span tend to have an important genetic diversity level. In addition, the primers CH121, CH124 and CH128 were also successfully used for the amplification of ISSR markers in Q. suber L. individuals from different provenances (Löpez-Aljorna et al. 2007 ). The oligonucleotide CH124 produced the highest number of fragments in Löpez-Aljorna et al. study (2007) for Q. suber L. and for Q. coccifera. Considering that dominant marker may present a high PIC value of 0.5 (Riek et al. 2001) , it reveals that the primers (CH121, 124, 125 and 128) used in this study were discriminative for the assessment of intra specific genetic diversity. Therefore, the PIC values can be used to compare the information content generated by ISSR primers while MI and Rp parameters can be used as the most informative data to differentiate among different regions and sites.
Genetic diversity and population structure analysis Twenty-three ISSR primers produced variable values regarding Nei's genetic diversity and Shannon's information index. ISSR primers reflected the differential abundance of their complementary sequences on genomic DNA across Moroccan cork oak populations. The highest value of Nei's gene diversity was detected in the two Mamora regions, while the lowest value was found in oriental middle atlas region and the North region. Whereas, Central Plateau populations represent an important genetic diversity.
The result of AMOVA analysis corroborates that longlived, out-crossing tree with wide and continuous range retains most of their genetic variation within their populations Godt 1989, 1996; Nybom and Bartish 2000; Nybom 2004 ). The existence of an important genetic diversity within populations compared to inter-population genetic diversity can be explained by environmental diversity effect within populations to generate micro local adaptation (Audigeos et al. 2013) . Also, this differentiation may be the result of a dynamic relationship between erosive forces (selection, random drift) and generative forces of diversity (recombination, genes flow).
The double contingency (contingency environmental conditions and contingency to other characters) is also another reason for maintaining a wide variety within populations. Moderate observed gene diversity across various cork oak populations may be due to a influence that is exerted by anthropological activities and also due to a common gene pool. In addition, the genetic differentiation reflects the footprints of its tertiary history despite relatively intense, albeit recent, human exploitation (Magri et al. 2007) . It is notable that the highest values of different genetic parameters are observed in Mamora region. We notice the presence of sixteen private alleles scattered in five regions (4 at PC III2, 4 at MAI, 3 at MAII, 3 at MAO IV2 and 2 at NO) (Fig. 3) . The private bands detected in this study can be used for the authentication of this tree forest.
Moderate gene diversity among various populations adequately distinguishes Atlantic (Mamora) and Central plateau populations from North and Oriental Middle Atlas populations. This separation reflects geographic distribution of these populations. The genetic diversity of Q. Suber L. of Mamora (Atlantic Cork Oak) and central plateau region was very high compared to the Oriental Middle Atlas and the North suberaie's. It is well known that these two areas differ in topography and altitude, which may be another reason for genetic differentiation found in this work. Also, during the major quaternary glaciations, the cork oak has migrated from north to south, which has allowed this species to have a high ecological plasticity and high adaptability to environment. Gene flow between cork oak populations was estimated to Nm = 0.56, which is sufficient to prevent local genetic differentiation by genetic drift (Wright 1931) .
Furthermore, the result of UPGMA analysis was further confirmed by the finding of the sPCA. In agreement with the cluster analysis, regions and sites from each region formed a separate plot and could be clearly distinguished, the individuals of PC III2 and MA were separated from those of NO and MAO IV2, which indicated an important genetic diversity level among regions. Therefore, taking into account geographical proximities, the genetic clustering of the populations shows the presence of an important relation among neighboring regions. In addition, Bayesian analysis provided evidence of a great association between MA and PCIII regions and between MAO IV2 and NO region. This analysis allowed the presence of the admixture individuals from Ain Rami (North region). The deduction is in agreement with the recent genetic structure finding using phenotypic traits (Laakili et al. 2016) , which assembled the Atlantic Rif (Boussafi and Ain Rami) with Mamora regions in one group.
Hence, based on the results of the Mantel test, the isolation could influence the present genetic structure. The low genetic diversity among cork oak populations is justified by the important gene flow level obtained. Also, the high genetic diversity within Moroccan Q. Suber L. could be explained by the emergence of genes, during the long evolutionary period, to adapt to environmental changes. Therefore, genetic structuration of Q. suber L. could be affected by multiple evolutionary forces including the gene flow, natural selection and reproduction mode.
Genetic variability maintenance constitutes the first objective in conservation strategies of threatened species. In fact, genetic diversity conservation allows the preservation of the evolutionary potential of species. The core collection constitutes a bank of genotypes representative of the Cork oak national genetic material which must be conserved in situ and ex situ in order to preserve the genetic diversity of Moroccan cork oak populations.
All the results obtained in this study provide important information for conservation plan of Moroccan cork oak. Therefore, the genetic structure obtained must be considered when harvesting seedlings and during the reforestation. The Cork oak stands should be protected and the major factor of deterioration must be banned. Thus, the stands of small size and Mamora region that present an important genetic diversity should receive more attention and thus a special importance in breeding programs.
In fact, the cork oak has a broad genetic base as evident from its distribution in different eco-climatic zones of Morocco. The climate models predict changes in temperature and rainfall, but they cannot take into account the adaptive capacity of forest ecosystems. The remarkable plasticity of the cork oak, especially in relation to a tree whose bark is taken at regular intervals ensures that the future of the cork oak forests is intact. Noticing that, cork oak remains one of the main bulwarks against desertification in many Mediterranean regions, as well as a habitat of exceptional diversity.
Conclusion
In summary, these molecular relationships of Q. suber L. populations showed a clear genetic structuration. Genetic structure of Moroccan Cork oak can be a foundation for further research on the evolution, breeding programs including marker-assisted selection and also will serve as an intial point to study genetic relationships and evolution. Our results indicated that high genetic differentiation was found mainly within populations and significant correlation was found between geographic and genetic distance. Cluster analysis using the UPGMA method, sPCA Analysis and Bayesian analysis grouped all populations into two geographic groups. That is, latter analysis demonstrated that ISSR technique was very effective in determining genetic diversity of the Q. suber L. populations. Furthermore, our study advocates the necessity to give importance in first place to Mamora region. Based on these results, an appropriate strategy and breeding programs can be anticipated for the conservation and amelioration of Moroccan Q. suber L.
